Central place foraging and feather regrowth rate in bridled terns (Onychoprion anaethetus): an insight from stable isotopes by Labbé, A.M.T et al.
 
 





This is the author’s final version of the work, as accepted for publication  
following peer review but without the publisher’s layout or pagination.  
The definitive version is available at 
http://dx.doi.org/10.1071/MF12334 
  




Labbé, A.M.T., Dunlop, J.N. and Loneragan, N.R. (2013) Central 
place foraging and feather regrowth rate in bridled terns 
(Onychoprion anaethetus): an insight from stable isotopes. 











Copyright: © CSIRO 2013 
 






Central place foraging and feather 1 
regrowth rate in bridled terns 2 
(Onychoprion anaethetus): an insight 3 




Aurélie M. T. Labbé1, James N. Dunlop2,1 and Neil R. Loneragan1 8 
 9 
1Centre for Fish, Fisheries and Aquatic Ecosystems Research, School of Veterinary and Life 10 
Sciences, Murdoch University,  11 
South St, Murdoch, 12 
Western Australia, Australia 6150 13 
 14 
2Conservation Council of Western Australia 15 
2 Delhi Place, West Perth,  16 
Western Australia, Australia 6005 17 
 18 





In this study, the stable isotope ratios of δ13C and δ15N of bridled terns’ (Onychoprion 22 
anaethetus) tail feathers were used to investigate changes in the food sources assimilated by 23 
the birds on Penguin Island, Western Australia, during different phases of the breeding 24 
season. Samples were taken immediately after they arrived on the island returning from 25 
migration [BM], before egg-laying [BEL], after egg-laying [AEL], after hatching [AH] and 26 
from fledglings [F]. A one-way MANOVA (excluding the BM phase) and two one-way 27 
ANOVAs (including all phases), showed that the δ13C and δ15N values differed significantly 28 
between the stages of the breeding season, with the greatest differences between the BM and 29 
BEL stages. The mean δ13C values were higher and those for δ15N were lower for BM birds 30 
than all other stages, indicating that the food source assimilated by the birds, and their 31 
foraging locations, changed during the breeding season. These results support the hypothesis 32 
of the Central Place Foraging Theory, i.e. that adult breeding birds adjust their foraging 33 
strategies when they are bound to a central place to care for their young. Induced feathers 34 
were regenerated over approximately 70 days and their regrowth rates were similar before and 35 
after egg-laying. 36 
 37 
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Seabirds are conspicuous in the coastal and marine environments all around the world and 42 
live in a diverse range of habitats, ranging from polar systems to tropical sites (Hunt, 1990; 43 
Schreiber and Burger, 2002). They spend the majority of their lives at sea foraging over vast 44 
areas, which makes them difficult to study (Schreiber and Burger, 2002). Most marine birds 45 
are long-lived, late maturing and raise only a relatively small number of chicks during each 46 
breeding season (Schreiber and Burger, 2002). However, the rearing of their progeny takes 47 
considerably longer than in terrestrial birds (Schreiber and Burger, 2002). Another unique 48 
characteristic of marine birds is that over 95% of them live in colonies (Schreiber and Burger, 49 
2002).  50 
 51 
Bridled terns (Onychoprion anaethetus) have an almost world-wide distribution over tropical 52 
and sub-tropical waters and are found in open colonies when breeding (Haney, 1986; Dunlop 53 
and Rippey, 1998). The breeding season of bridled terns from Penguin Island in south-54 
western Australia (Fig. 1) starts when the adults arrive on the island at the end of their 55 
migration from the Indonesian Archipelago during the second half of September (Dunlop and 56 
Rippey, 1998; see also Fig. 2). During this time, bridled terns feed on a diversity of prey, 57 
which are often associated with floating Sargassum rafts (Dunlop, 2011). In 1997, Dunlop 58 
attempted to identify prey items in the regurgitates of breeding birds returning to Penguin 59 
Island. He found that post larval fish (mostly of the black-spotted goatfish Parupeneus 60 
signatus), crustaceans and insects formed the majority of the identifiable items. However, 61 
because bridled terns are multiple prey-loaders, they come back to the island having already 62 
digested most of their catch, which makes it difficult to identify prey items (Dunlop, 2011). 63 
Moreover, dietary items identified from regurgitates are known to be biased towards the 64 
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‘hard’ structures that survive the digestion process much better than soft items (Hyslop, 65 
1980). Therefore, the exact composition of bridled terns’ diet remains unknown. 66 
 67 
During the breeding season, bridled terns become central place foragers (Orians and Pearson, 68 
1979; Perry and Pianka 1996) as they must return to their nesting sites from feeding grounds 69 
to incubate and raise their chicks until the fledglings become independent. Five distinct stages 70 
have been recognised in the breeding season of bridled terns: returning from migration, before 71 
egg-laying, after egg-laying, after hatching and the fledgling phase (Dunlop and Rippey, 72 
1998; Garavanta and Wooller, 2000; see Fig. 2 for an overview). Each stage of the breeding 73 
season imposes different constraints on the time and energy budgets of bridled terns that are 74 
likely to result in changes in the birds’ diet. The Central Place Foraging theory (CPF) is a 75 
special case of optimal foraging in which the animals are bound to return to a specific location 76 
on a regular basis (Orians and Pearson, 1979; Perry and Pianka, 1997). This theory includes 77 
the concept of the ‘round trip’, which consists of an outbound trip, a foraging period and a 78 
return trip to the central place undertaken by the foraging birds. 79 
 80 
Stable isotopes have been used increasingly in ecological studies during the past 25 years and 81 
they have allowed researchers to investigate and resolve a number of ecological problems 82 
such as determining the origins of migratory birds (Inger and Bearhop, 2008; Bond and Jones, 83 
2009). Tissue samples from seabirds, such as feathers, have an isotopic ratio that reflects the 84 
diet and habitat of the birds at the time of the tissue synthesis (Bond and Jones, 2009). Hence, 85 
stable isotope analyses have become popular with ornithologists as they can then infer, from a 86 
single capture, the basis of a bird’s food web and its trophic level. In this study, stable isotope 87 
analyses were used to investigate how the carbon and nitrogen assimilated by bridled terns 88 
change during the different stages of the breeding season. This approach was used to test the 89 
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hypothesis from the CPF theory that the stable isotope ratios of carbon and nitrogen would 90 
change markedly at each stage of the breeding season, as the time available for foraging 91 
changes significantly when adults are required to feed and care for the chicks. We predicted 92 
that the greatest difference in stable isotope values would occur after egg-laying, when the 93 
parents are most constrained in their foraging time during the intense period of care for their 94 
progeny. Hence, the novelty of this study lies in the use of induced feathers to obtain the 95 
stable isotope values corresponding to the time of the growth of the feathers during the 96 
different stages of the breeding season. 97 
 98 
The induced feather growth rates were also used to investigate the nutritional status of bridled 99 
terns during the breeding season. This approach was chosen to test the hypothesis that bridled 100 
terns would be more nutritionally stressed during this period of time than during the rest of 101 
the year.  102 
 103 
Materials and methods 104 
Study site 105 
Penguin Island (Fig. 1) is a small coastal island, about 700 m west of the mainland, and 40 km 106 
south of Perth in south-western Australia (latitude 32˚17’S, longitude 115˚41’E) (Dunlop and 107 
Jenkins, 1992). The island is approximately 12.5 hectares in area and has a maximum 108 
elevation of 20 m; it is exposed to seasonal changes in local winds and currents (Haig, 2002, 109 
DEC and MPRA, 2007). The southward flowing Leeuwin Current is the dominant 110 
oceanographic feature on the edge of the continental shelf in autumn and winter (March to 111 
October), whereas the northward flowing Capes Current prevails inshore during spring and 112 
summer (November to February), bringing cool waters close to the coast (Feng et al., 2003).  113 
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Phases in the breeding season 114 
Following Dunlop and Jenkins (1992), the estimated egg-laying date and the observed 115 
hatching date were used to delineate two of the stages in the breeding season (after egg-laying 116 
and after hatching) and categorise the tail feathers of bridled terns collected for stable isotope 117 
analysis. 118 
Bridled terns were caught by hand or using long-handled nets at night over 28 sampling 119 
periods during the breeding season (20/09/2010 to 01/04/2011) on Penguin Island. All birds 120 
were checked for bands and if one was not present, were banded to provide individual 121 
identification. The rectrix 5 left (R5l) tail feather was removed using pincers on several 122 
occasions: upon arrival on Penguin Island when the birds came back from migration (BM), 123 
before egg-laying (BEL), after egg-laying (AEL), after hatching (AH) and from the fledglings 124 
(F). Feathers were removed only when they were not vascularised, i.e. when no blood was 125 
visible at the base of the feather to minimise blood loss and stress on the birds.  Ten BM 126 
feathers, 29 BEL feathers, 5 AEL feathers, 6 AH feathers and 9 F feathers were used for 127 
stable isotope analysis. The collected feathers were from different individuals for each stage 128 
(BM, BEL, AEL, AH) so that the categories were independent of each-other for the following 129 
statistical analyses. 130 
Feathers were sampled for stable isotope analysis for several reasons. Firstly, it was believed 131 
that it would be more ethical to sample bridled terns’ tail feathers rather than blood. Birds 132 
may lose tail feathers during the breeding season as a result of fights or moving through the 133 
vegetation to access their nests. Therefore, losing one of their smaller tail feathers was 134 
assumed to be less stressful for the birds than taking a sample of blood. Furthermore, the tail 135 
feathers’ stable isotope ratios may integrate food sources assimilated by the bird over longer 136 
periods of time (the growth of the feathers) than the isotope ratios from blood (Bearhop et al., 137 
2002). Finally, the stable isotope values in blood samples seem to be affected by the breeding 138 
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status and sex of the birds (Bearhop et al., 2002) whereas the feathers’ values do not. Overall, 139 
sampling feathers appeared to be a more judicious choice than sampling blood for stable 140 
isotope analysis. Sampling feathers also provided an opportunity to determine re-growth rates 141 
of feathers at different times during the breeding season.  142 
Regrowing rectrices’ lengths were measured on birds throughout the breeding season. 143 
Feathers were measured in situ and an average calamus length of 1.1 ± 0.4 cm (calculated 144 
from the calamus lengths of the original feather samples, n = 29) was added to the 145 
measurements as this part of the feather is normally imbedded in the bird’s skin. The index of 146 
regowth rate was then calculated for different birds using the following formula, which was 147 
adapted from Grubb’s (2006) feather growth index: 148 
Index of regrowth rate= (Regrowing feather length measured in situ + CL) / Original feather 149 
length 150 
where CL = average calamus length (1.1 cm) 151 
 152 
Preparation of feathers for stable isotope analysis 153 
Each feather was washed thoroughly in deionised water to remove any material that was not 154 
part of the plume. Previous studies have used more powerful solvents such as 155 
chloroform/ether and sodium hydroxide to remove uropygial gland secretions and other 156 
contaminating materials (Catry et al., 2008; Cherel et al., 2008). However, these solvents are 157 
known to alter the carbon isotopic ratios of tissue samples (Logan and Lutcavage, 2008). 158 
Moreover, bridled terns’ feathers do not appear to be very waterproof due to the nature and 159 
amount of the uropygial secretions covering the birds’ plumage (Haney, 1986; Jaquemet, 160 
2010) so that the secretions are found in very small quantities on the feathers. Therefore, 161 
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deionised water was chosen as the washing solution to minimise any change in the stable 162 
isotope values of the feathers induced by their preparation for analysis.  163 
The feathers were then cut finely using dissecting scissors and transferred to small glass vials 164 
to be dried in a non-fan-forced oven set at 75°C for 48 hours. Once dried, the chopped 165 
feathers were put into eppendorf tubes, together with stainless-steel beads (five 2mm balls and 166 
one 3mm ball). The feathers were powderised in a TissueLyser and the beads were removed 167 
before sending the samples to the Natural Isotopes Laboratory at Edith Cowan University in 168 
Perth. 169 
 170 
The δ13C and δ15N values were obtained by combusting the samples to N2 and CO2 using an 171 
elemental analyser (ANCA-GSL, Europa, Crewe, United Kingdom). They were then purified 172 
by gas chromatography before passing through continuous flow isotope ratio mass 173 
spectrometry (with 20-20 IRMS, Europa, Crewe, United Kingdom) to determine the carbon 174 
and nitrogen elemental composition and isotope ratios of the samples. The raw nitrogen and 175 
carbon elemental composition data were corrected for instrument drift and blank contribution 176 
using the ANCA-NT software (Europa, Crewe, United Kingdom), and a standard analysed at 177 
variable weights corrected for instrument linearity, USGS41 and USGS40 were used to 178 
normalise the nitrogen and carbon isotope ratios, (for USGS41: δ15N = 47.57‰ and δ13C = 179 
37.63‰, and for USGS40: δ15N=-4.52‰ and δ13C=-26.39‰, J. Tranter, Edith Cowan 180 
University, pers. comm.). 181 
 182 
The stable isotope values for producers and consumers in the marine environment of south-183 




Analyses of data 186 
The feather samples were categorised into five groups based on the date of extraction of the 187 
feather, its time of regrowth and the age of the bird (adult or fledgling). The means, standard 188 
errors and coefficients of variation (CV) for the δ13C and δ15N values of the feathers were 189 
calculated for each group. A one-way MANOVA (PASW Statistics v18) was used to test 190 
whether the δ15N and δ13C values differed among the BEL, AEL, AH and F groups of 191 
feathers. The BM group was excluded from this analysis because it showed twice as much 192 
variation as the other groups and MANOVA is sensitive to violations of the assumption of 193 
homogeneity of the variance-covariance matrices (Field, 2009, p.603). A second set of 194 
analyses was carried out using two one-way ANOVAs, including the BM group, to test for 195 
differences among groups in δ15N and δ13C values, separately. When significant differences 196 
were found, a post hoc Tukey’s test was used to determine which means differed 197 
significantly. 198 
 199 
The convex hull area, an index of niche width, was calculated for each stage of the breeding 200 
season in MATLAB R2011 for the adults following Cornwell et al. (2006) and Layman et al. 201 
(2007a). The Total Area (TA) was defined as the smallest area of a convex polygon which 202 
includes all the individuals of a group in the δ15N and δ13C bi-plot (Layman et al., 2007b).   203 
 204 
The mean length of the rectrix 5 tail feather of the original feathers was compared with that of 205 





During the breeding season of 2010/11, the first hatchling was observed on the 8th of 209 
December 2010 (Fig. 2). Assuming that breeding bridled terns need to incubate their eggs for 210 
about 30 days (Hulsman and Langham, 1985), the earliest egg-laying date was calculated to 211 
have occurred on the 8th of November 2010 (±3 days), following the back-dating method of 212 
Dunlop and Jenkins (1992) (Fig. 2). 213 
Stable isotopes of feathers 214 
The mean δ13C values ranged from -19.0‰ (adults before egg-laying, BEL) to -16.8 (adults 215 
back from migration, BM) (Table 1, Fig. 3). The values for the adult BM feathers were more 216 
variable (CV=2.6%) than in the other groups (range of CVs = 1.1 to 1.4%) (Table 1). The 217 
mean values for δ15N ranged from 10.8‰ (adults BM) to 12.3‰ (adults BEL) and like the 218 
δ13C ratios, were more variable in the BM birds (CV=4.8%) than in the other groups (range = 219 
2.3 to 3.7%) (Table 1). The stable isotope ratios for adults after hatching (AH) and after egg-220 
laying (AEL) were very similar and had overlapping error bars (Fig. 3).  221 
The one-way MANOVA of stable isotope ratios for all groups except the BM birds, showed 222 
that the δ13C and δ15N values of bridled terns’ tail feathers differed significantly among stages 223 
of the breeding season (F6,88 = 17.44, Wilks λ = 0.21, P < 0.001). Tukey’s tests showed that 224 
for δ13C, the mean of each group differed significantly from the other means, with the greatest 225 
difference being between the adults BM and the adults BEL (Table 1, Fig. 3). The δ15N values 226 
also differed significantly among groups (Table 1, Fig. 3). 227 
 228 
The δ13C and δ15N isotopic ratios of all feather groups were clearly distinct, except for the 229 
fledgling feathers (F) which had a similar δ15N average to the adults AEL and AH. In general, 230 
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the feathers that were grown during the bridled terns’ stay on Penguin Island had lower δ13C 231 
and higher δ15N values than the rectrices grown outside the breeding season (Fig. 3). 232 
The results from the two one-way ANOVAs, including values from the bridled terns back 233 
from migration, were similar to those from the MANOVA, i.e. the five feather groups differed 234 
significantly in their δ13C (F4,54 = 114.0, P < 0.0001) and δ15N values (F4,54 = 43.5, P < 235 
0.0001). Tukey’s post hoc tests revealed that the mean δ15N of BM birds did not differ 236 
significantly from those of the AH and F birds. 237 
The convex hull  (TAs) for the breeding adults decreased with each successive stage of the 238 
breeding season (Fig. 4). This area was much larger for the adults BM (TABM = 1.13) than the 239 
other stages in the breeding season (TAAEL = 0.36, TAAH = 0.10 and TABEL = 0.41), with the 240 
smallest area recorded for the AH birds.  The convex hull area of the adults BM did not 241 
overlap with any of the other stages (Fig. 4). Although the sample sizes varied among the 242 
groups, the decrease in the TA during the breeding season does not appear to be a reflection 243 
of the sample sizes since the convex hull area for the adults BM (1.13, n = 10) was larger than 244 
the area for the adults BEL (0.41) calculated from a greater sample size (n = 29). 245 
 246 
Stable isotopes in the marine environment of south-western Australia 247 
The δ13C values for the feathers of bridled tern chicks (mesoptile down) from the literature (-248 
19.0‰) were similar to those of the fledgling feathers (R5l) in the current study (Tables 1 and 249 
2). However, the δ15N values from the literature were slightly higher (12.1‰) than the δ15N 250 
ratios of the fledgling feathers in this study (11.3‰, Table 1). The δ13C values for adult 251 
primary feathers were, however, lower (-17.2‰) than those of adult BM migration (-16.8‰), 252 
while the δ15N values (11.5‰) were higher (Table 2). The mean δ13C value of eggshell 253 
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membranes (-19.3‰) was slightly lower than that of adults BEL but the mean δ15N (12.0‰) 254 
value was similar to that for the adult BEL feathers (Table 1). 255 
 256 
The mean stable isotope values of two species of the macroalgae Sargassum were similar for 257 
δ13C (~ -16.0‰) and δ15N (5.7‰) (Hyndes and Lavery, 2005; Table 2). The lowest mean δ13C 258 
value for primary producers was recorded for picoplankton and microbes found off the 259 
continental shelf (-24.7‰; Hanson et al., 2005) (Table 2), which is much lower than the value 260 
recorded for phytoplankton in the near-shore waters of south-western Australia (-12.8‰; 261 
Hyndes and Lavery, 2005; Table 2). The highest mean δ13C value recorded for primary 262 
producers in the nearshore waters of this region was -6.9‰ for the seagrass Posidonia spp. (-263 
6.9‰; Ince et al., 2007). The mean δ13C value for goatfish post-larvae (-20.8‰) and sardines 264 
(-17.8‰) (Dunlop, 2011) were similar to those for bridled terns during the breeding season on 265 
Penguin Island, which ranged from -18.1‰ to -19.0‰. The δ15N values for these fish were 266 
about 3-4‰ lower than those for bridled terns (Tables 1 and 2). 267 
Feather growth index 268 
The feather growth indices for both the BEL and AEL (including AH observations) birds 269 
appeared to follow a sigmoidal curve over time (Fig. 5). Growth was slow or negligible until 270 
10 days after removal of the original feather, then increased rapidly over the following 40 271 
days until they reached an asymptote of about 0.95 of the original feather length after 70 days 272 
(Fig. 5). Both the AEL and BEL feather regrowth indices displayed a very similar pattern over 273 
time. The mean measured lengths (± 1 s.e.) of regenerated bridled terns’ tail feathers (14.4 ± 274 
0.6) were about 5% shorter than the original feathers (15.1 ± 0.6 cm) (paired t-test T48 = 10.8,  275 




Feather stable isotope comparison 278 
This study highlighted major differences in the stable isotope ratios of δ13C and δ15N of 279 
bridled tern’s tail feathers grown during the different phases of the breeding season. The most 280 
striking difference was between the feathers of adults when they came back from tropical 281 
waters (BM) and the adults’ tail feathers that were regrown mostly before the earliest egg-282 
laying date (BEL). This clear distinction among the stages of the breeding season can be 283 
explained by physiological changes and/or a change in the birds’ foraging strategies. Firstly, 284 
female bridled terns may use the light nitrogen isotope to produce their eggs so that the 285 
carbon isotopic ratio of their feathers may increase (Bearhop et al., 2002). In turn, this would 286 
increase the overall BEL δ15N value. Furthermore, during the return migration from tropical 287 
to temperate waters, bridled terns forage in offshore waters over vast areas whereas during the 288 
breeding season, their foraging is restricted to over the waters adjacent to Penguin Island, in 289 
temperate Western Australia (Dunlop and Ripley, 1998), which may explain why the carbon 290 
and nitrogen stable isotope ratios changed markedly during those two stages of the breeding 291 
season (i.e. BM and BEL). 292 
Foraging strategies and Central Place Foraging Theory 293 
Bridled terns cover a distance of about 4,000 km over several weeks while migrating towards 294 
Penguin Island (Dunlop and Rippey, 1998). During this time, their diet can be very diverse 295 
and include small fish, terrestrial insects, crustaceans (including crab larvae), and cephalopods 296 
such as small squids (Dunlop, 1997). This mixed diet was reflected in the more variable stable 297 
isotope ratios of the adults BM feathers and their larger convex hull area, an indicator of niche 298 
breadth (Layman et al., 2007a). Typically, the carbon stable isotope values in oligotrophic, 299 
tropical waters are higher than those in other waters (Catry et al., 2008; Cherel et al., 2008). 300 
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Once arriving on Penguin Island, the diet of bridled terns becomes restricted to prey found in 301 
the waters offshore and adjacent to the island. From a stable isotope study on bridled terns’ 302 
primary feathers, Dunlop (2011) concluded that small predatory fish, and crustacean post-303 
larvae and goatfish (Parupeneus signatus) post-larvae probably represented a significant 304 
portion of bridled terns’ diet during the mid to later parts of the breeding season on Penguin 305 
Island. Therefore, the decreased variability in the stable isotope ratios of the adults’ BEL, 306 
AEL and AH tail feathers would be explained by the restricted diets of the birds during the 307 
breeding season which was reflected in the decreasing convex hull areas of those stages. 308 
Our results suggest that the bridled terns forage more opportunistically, and on a wider range 309 
of prey, when not bound to the central place of Penguin Island during the breeding season. 310 
Similar findings were reported by Cherel et al. (2008), who found that the δ13C and δ15N 311 
values of the feathers and blood of five seabird species (sooty terns Sterna fuscata, white-312 
tailed tropic birds Phaeton lepturus, red-footed boobies Sula sula, great frigate birds Fregata 313 
minor and lesser frigate birds Fregata ariel) on their breeding location (Europa Island, 314 
Mozambique Channel), were more variable during the non-breeding season when the birds 315 
were no-longer central place foragers. These findings and those for bridled terns show that the 316 
trophic niche of these species appears to broaden when the birds are not bound to a central 317 
place. 318 
The differences in the stable isotope ratios among the stages of the breeding season can be 319 
explained by changes in diet and foraging locations during that time. For example, in addition 320 
to the difference between isotope values of adults returning from the migration and the other 321 
stages discussed above, the adult AEL and AH feathers had a higher mean δ13C value than the 322 
adult BEL feathers. This result probably reflects a shift in foraging location from more 323 
offshore foraging grounds to areas closer to the island after egg-laying when greater time is 324 
spent on the nest. Foraging patches closer to Penguin Island are likely to have more enriched 325 
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sources of carbon because of the higher contribution of 13C from benthic habitats (France, 326 
1995) and because of the general trend in marine systems for the carbon stable isotope values 327 
of producers and consumers to decreases with increasing distance away from land (Thompson 328 
et al., 2000; Catry et al., 2008). The higher δ13C values of AEL and AH feathers is therefore 329 
consistent with the predictions of the Central Place Foraging (CPF) theory as after egg-laying, 330 
the adult bridled terns need to return to their nesting sites on the island several times during 331 
the day to alternate activities with the incubating parent (Dunlop and Rippey, 1998; Dunlop, 332 
2011), thus restricting the time and area likely to be covered during foraging. Once the chicks 333 
hatch, the time spent away from the nest is further reduced as the adults make several foraging 334 
trips to bring food back to their growing chicks (Dunlop and Rippey, 1998; Dunlop, 2011). 335 
This additional constraint of having to return to a set point in space at regular intervals means 336 
that bridled terns can no longer undertake lengthy trips to their preferred foraging grounds 337 
offshore from Penguin Island. 338 
Finally, as reflected by the decrease in the convex hull areas, there appears to be a constriction 339 
of the adults’ trophic niche width during the breeding season. This collapse in niche width 340 
may reflect a decrease in prey diversity (Layman et al., 2007b), which would be an expected 341 
result in the light of the CFP theory. Bridled terns may choose to feed on selected prey types 342 
such as the black-spotted goatfish post-larvae (Dunlop, 2011) during the breeding season. 343 
This phenomenon has been observed in other studies; for example, in the North Sea, common 344 
guillemots (Uria aalge) have a restricted diet during their breeding season and feed 345 
themselves and their chicks lesser sandeels (Ammodytes marinus), which gives the birds an 346 
adequate amount of energy when breeding/growing (Wanless et al., 2005). 347 
The similarity in the δ15N values of the feathers of adults after egg-laying, after hatching and 348 
those of fledglings may indicate that both adults and fledglings are deriving their nutrition 349 
from similar trophic levels. However, the δ13C ratios of breeding adults were lower than those 350 
16 
 
of the fledglings, which could also indicate that the parents may feed themselves with prey 351 
caught slightly further from the nesting sites than those that are fed to the fledglings. Bridled 352 
terns are multiple-prey loaders (Dunlop, 1997); during their foraging bouts they are likely to 353 
devote the first part of the trip to forage for themselves, to meet their energy needs, before 354 
catching prey for their chicks on their way back to the nest. This foraging strategy suggests 355 
that we might expect the feathers of parents to have lower δ13C values (as they catch prey 356 
further offshore on their outbound trip) than the fledglings’ feathers’ which are fed prey that 357 
were caught closer to shore on the parents’ return trip. Furthermore, the greater tissue turn-358 
over rate in fledglings may also contribute to this difference in the carbon isotopic ratios as 359 
they are rapidly growing and may retain more of the heavier carbon isotope than adult birds 360 
(Janssen et al., 2011). 361 
Comparison of isotope values with other studies 362 
Bridled terns feed over areas of convergence over accumulated algae and seagrass reefs 363 
(Haney, 1986; Dunlop, 1997). The δ13C values for the macroalgae Sargassum (-17.4‰ to -364 
14.2‰; Hyndes and Lavery, 2005), brown algae in general (-18.9‰ to -17.3‰; Ince et al., 365 
2007) and the invertebrates on the seagrass Amphibolis (-20.3‰ to -16.9‰; Smit et al., 2005) 366 
sampled around Penguin Island are very similar to the range of δ13C values recorded from 367 
bridled terns’ tail feathers grown during the 2010/2011 breeding season (-18.2‰ to -17.8‰) 368 
(Table 2). Even though these δ13C values for primary producers’ and consumers’ were 369 
obtained 6 to 7 years prior to this study, they are still comparable to the birds’ rectrices’ 370 
values since the feathers’ isotopic values fall within the isotopic range of those producers and 371 
consumers. These results, from a number of carbon and nitrogen isotopic studies, support 372 
strongly the observation that bridled terns feed over marco-algae and seagrass reefs, and that 373 




The δ13C stable isotope values of the rectrices 5 left feather for the adults returning from 376 
migration recorded in the current study differed from those of the adult primary 6 (Dunlop, 377 
2011; Table 2), even though they both were grown over the migration stage of the breeding 378 
season. This difference probably corresponds to a difference in timing in the moulting of these 379 
two types of feathers and hence, may represent a variation in the feeding location and/or prey 380 
type during the migration of the birds towards Penguin Island. During the moulting stage, 381 
seabirds replace their wing flight feathers first and moult their rectrices later due to the greater 382 
significance of the primary than tail feathers for flight (Ramos et al., 2009). The stable isotope 383 
values of the rectrices therefore are probably more influenced by the δ13C and δ15N values of 384 
food sources taken later during the migration of the bridled terns than the values of the 385 
primary feathers obtained by Dunlop (2011). 386 
Influence of climate (La Niña/ El Nin᷉o) 387 
During our study of bridled terns in 2010/11, a La Niña event took place which increased the 388 
strength of the Leeuwin Current and most likely intensified the down-welling areas (Feng et 389 
al., 2003) where rafts of floating Sargassum are concentrated and over which bridled terns 390 
forage (Dunlop, 2011). The 2010/11 breeding season is therefore likely to have been one with 391 
an abundance of prey for bridled terns. It would be valuable to compare the results of this 392 
study with those during an El Nin᷉o year, when the down-welling areas would be less intense 393 
(Feng et al., 2003), macro-algae rafts less concentrated, and prey would likely be less 394 
abundant (Dunlop, 2011). If significant differences in stable isotope ratios were found 395 
between these two years, they may provide an indicator of the effects of El Nin᷉o Southern 396 




Feather regrowth rates 399 
The feather regrowth indices that were calculated in this study showed that the rectrices took 400 
10 days to emerge and about 70 days to regrow to 95% of their original length during the 401 
breeding season. Because the regrown feathers were significantly shorter than the original 402 
feathers, this indicates that bridled terns might have been slightly nutritionally stressed during 403 
the breeding season.  404 
The sampling of the rectrix 5 left of bridled terns’ tail feathers to collect tissue for stable 405 
isotope analysis provided an opportunity to investigate the nutritional status and stable isotope 406 
assimilation during the breeding season. The sampling of the tail feathers did not cause any 407 
apparent disruption in the birds’ behaviour as this particular feather is not important for flight. 408 
Although bridled terns do not moult naturally during the breeding season, the removal of the 409 
the rectrix 5 tail feather induced feathers to regrow. 410 
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Table 1. Means, standard errors (s.e.) and coefficients of variation for the stable isotope 522 
ratios of δ 13C and δ 15N from bridled terns’ tail feathers (rectrices 5 left) sampled 523 
on Penguin Island, Western Australia, during the 2010/2011 breeding season; BM, 524 
adults back from migration; BEL, adults before egg-laying; AEL, adults after egg-525 
laying; AH, adults after hatching. 526 















Adults BM 10 -16.8 ± 0.5 2.64 10.8 ± 0.5 4.83 
Adults BEL 29 -19.0 ± 0.2 1.27 12.3 ± 0.3 2.31 
Adults AEL 5 -18.6 ± 0.2 1.30 11.7 ± 0.4 2.32 
Adults AH 6 -18.5 ± 0.2 1.07 11.5 ± 0.3 3.72 
Fledglings 9 -18.1 ± 0.3 1.43 11.3 ± 0.3 2.31 
 527 
Table 2. Summary of the mean (± 1 s.e.) δ13C and δ15N isotopic values for producers and 528 
consumers in the marine ecosystem of south-western Australian obtained from the 529 
available literature. 530 
Taxa/species δ13C (‰)  δ15N (‰) 
Primary producers and consumers 
 Sargassum sp. a1 -15.8 ± 1.6 5.7 ± 0.8 
 Sargassum sp. b1 -16.0 ± 1.2 5.7 ± 0.3 
 Sagittal otolith from juvenile white bait2 -5.3  
 Picoplankton and associated microbes3 -24.7 ± 0.1 1.5 ± 0.3 
 Posidonia spp.4 -6.9 ± 0.8  
 Amphibolis spp.4 -12.3 ± 1.0  
 Red algae4 -21.1 ± 1.2  
 Brown algae4 -18.1 ± 0.8  
 Invertebrates in Amphibolis grass beds5 -18.6 ± 1.7 6.8 ± 0.9 
 Phytoplankton1 -12.8 ± 3.2 4.9 ± 1.1 
 Goat fish post-larvae6 -20.8 ± 0.6 7.4 ± 0.2 
 Sardine adult scales6 -17.8 ± 0.1 7.94 ± 0.1 
Bridled terns 
 Chick feathers6 -19.0 ± 0.4 12.1 ± 0.4 
 Eggshell membranes6 -19.3 ± 0.4 12.0 ± 0.7 
 Adult primary feathers6 -17.2 ± 0.5 11.5 ± 0.6 
1Hyndes and Lavery, 2005; 2Lenanton et al., 2003; 3Hanson et al., 2005; 4Ince et al., 2007; 531 





List of Figures 535 
Figure 1    The location of the bridled tern breeding colony and study area on Penguin Island, 536 
Western Australia. 537 
Figure 2 Timeline showing the main dates and events of the 2010/2011 breeding season of 538 
bridled terns on Penguin Island which also indicates the approximate time of 539 
growth of the feathers that were sampled for this study (Note: figure is not to 540 
scale). 541 
Figure 3 The mean δ13C and δ15N values (± 1 s.e.) for bridled terns’ tail feathers (rectrices 542 
5 left) sampled on Penguin Island, Western Australia, during the 2010/2011 543 
breeding season. BM, adults back from migration; BEL, adults before egg-laying; 544 
AEL, adults after egg-laying; AH, adults after hatching; F, fledglings. 545 
Figure 4    Convex hull areas (lines) as a representation of niche width for each stage of the 546 
breeding season for bridled terns on Penguin Island (BM, adults back from 547 
migration; BEL, adults before egg-laying; AEL, adults after egg-laying; AH, 548 
adults after hatching). Each symbol represents values from individual birds. 549 
Figure 5 Feather regrowth indices of the fifth rectrices (left) from bridled terns during the 550 
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